Aims/hypothesis We measured components of the kallikreinkinin system in human type 2 diabetes mellitus and the effects of statin therapy on the circulating kallikrein-kinin system. Methods Circulating levels of bradykinin and kallidin peptides, and high and low molecular weight kininogens, as well as plasma and tissue kallikrein, and kallistatin were measured in non-diabetic and diabetic patients before coronary artery bypass graft surgery. Tissue kallikrein levels in atrial tissue were examined by immunohistochemistry and atrial tissue kallikrein mRNA quantified.
Introduction
The kallikrein-kinin system (KKS) has a broad spectrum of actions that encompass inflammation and organ protection. Kinin peptides contribute to the actions of ACE inhibitors and angiotensin type 1 receptor blocker (ARB) therapies [1] . In diabetes, the KKS may contribute to increased endothelial permeability, glomerular hyperfiltration and glomerular injury, but may also play a critical role in organ protection [2, 3] . ACE is one of the main pathways of kinin metabolism, and clinical and animal studies show an association between ACE gene polymorphisms associated with increased ACE activity and increased diabetic complications [4, 5] . Moreover, ACE inhibition increases kinin levels [6] and reduces diabetic complications [7] . Increased kinin levels may also contribute to the reduction of diabetic complications by ARB therapy [8, 9] .
We previously reported increased kinin levels in heart, aorta and kidney of streptozotocin-induced diabetic rats [10] . We therefore examined the hypothesis that diabetes increases the activity of the KKS in human type 2 diabetes. We studied patients scheduled for coronary artery bypass graft (CABG) surgery, because they routinely have short radial arterial cannulae inserted before surgery, which assists rapid blood collection with minimal kallikrein activation. In addition, we obtained samples of right atrial appendage from some patients to perform immunohistochemistry for tissue kallikrein and to measure tissue kallikrein mRNA levels. Because a large proportion of these patients were receiving 3-hydroxy-3-methylglutarylcoenzyme A reductase inhibitor (statin) therapy, and because statin therapy affects endothelial function and possibly also kinin generation at the endothelial surface [11, 12] , the association between current statin use and KKS variables was also evaluated.
Methods
Patients The St Vincent's Health Human Research Ethics Committee approved this study and all patients gave written informed consent. This study was performed in a convenience sample of patients with coronary artery disease scheduled for CABG surgery. We excluded patients scheduled for other cardiac surgical procedures such as valve surgery, patients with heart failure or receiving furosemide therapy, patients with left ventricular ejection fraction <50% and patients with serum creatinine >0.16 mmol/l. Two groups of patients were recruited. Group 1 patients were recruited from 1998 to 2006. During this time ACE inhibitor or ARB therapies for type 2 diabetic patients were not routine and we excluded patients receiving either of these therapies. In the early stages of patient recruitment it was standard practice for elective patients to be requested to cease aspirin therapy 2 weeks before surgery and to cease statin therapy 1 week before surgery, unless surgery was urgent or the surgeon specifically requested continuation of these therapies. Patients who ceased aspirin or statin therapy ≥7 days before surgery were recorded as not taking these medications for the purpose of these analyses. Of the 59 group 1 patients, 53 had stable coronary artery disease and six had recently experienced a non-ST segment elevation myocardial infarction. The mean known duration of diabetes for group 1 diabetic patients was 6.7 years (range 1-23 years). Of diabetic patients, five received diet alone as diabetes therapy, three received insulin alone, two received metformin alone, six received metformin and a sulfonylurea, and four received a sulfonylurea alone. Only one nondiabetic patient was on fibrate therapy. HbA 1c was measured in eight diabetic patients (mean 8.5%, range 5.7-13.8%).
Group 2 consisted of an additional 12 patients recruited from 2005 to 2006 for the study of tissue kallikrein in atrial tissue. At this time, essentially all diabetic patients were receiving ACE inhibitor or ARB therapy, statin therapy was no longer routinely ceased before surgery, and it was more common for patients on aspirin to continue this therapy until surgery. All group 2 patients had stable coronary artery disease. The mean duration of diabetes for group 2 diabetic patients was 9 years (range 1-25 years). Of the five diabetic patients, one was being treated with diet alone, two were on insulin alone, one on metformin alone, and one on metformin and a sulfonylurea. HbA 1c was measured in three of the five diabetic patients (mean 7.6%, range 5.3-9.8%). In addition to collection of blood before anaesthesia, the right atrial appendage was collected from group 2 patients at surgery during cannulation for cardiopulmonary bypass.
Biochemistry All blood samples were collected from the radial artery cannula of fasted patients before anaesthesia. Blood haemoglobin and HbA 1c , and plasma levels of glucose, insulin, lipids and creatinine were measured by St Vincent's Health Pathology using routine clinical methods. GFR was calculated from the modification of diet in renal disease formula [13] . HOMA of insulin resistance (HOMA2-IR), insulin sensitivity (HOMA2-%S) and beta cell function (HOMA2-%B) were calculated using the HOMA calculator version 2.2 [14] . Carboxymethyl lysine was measured by ELISA (Microcoat, Penzberg, Germany). Low molecular weight fluorophore (LMWF) levels were measured by fluorescence spectroscopy [15] . Plasma aldosterone was measured by radioimmunoassay (Coat-a-Count; Diagnostics Products, Los Angeles, CA, USA). Amino-terminal-pro-B-type natriuretic peptide (NTproBNP) was measured by electrochemiluminescence immunoassay using an Elecsys instrument (Roche Diagnostics, Basel, Switzerland).
Measurement of angiotensin, bradykinin and kallidin peptides Blood was collected into plastic syringes from a three-way tap close to the arterial cannula in order to avoid activation of kallikrein during blood sampling. For measurement of angiotensin and bradykinin peptides, 2 ml blood was immediately transferred to a tube containing 10 ml 4 mol/l guanidine thiocyanate and 1% (vol./vol.) trifluoroacetic acid, and mixed thoroughly. For measurement of kallidin peptides, 10 ml blood was immediately transferred to a tube containing 20 ml 1 mol/l HCl. The guanidine thiocyanate/trifluoroacetic acid and HCl blood samples were processed and assayed as described previously using HPLC-based RIA [16] . These assays enabled specific measurement: (1) of the bradykinin peptides bradykinin-(1-9), hydroxyproline (Hyp) Non-hydroxylated and hydroxylated peptides were summed to simplify presentation of kinin peptide levels.
Measurement of plasma levels of kininogen, plasma and tissue kallikrein, and kallistatin Blood for measurement of plasma concentrations of kininogens, plasma and tissue kallikrein, and kallistatin was collected into heparinised tubes, immediately centrifuged (1,780×g) and the plasma snap-frozen in dry ice. Plasma levels of high molecular weight kininogen (HMWK) and low molecular weight kininogen were measured by an enzymatic method [17] . Plasma levels of total plasma kallikrein were measured by western blot analysis of non-reduced plasma samples run on 5 to 15% gradient SDS-PAGE and probed with monoclonal antibody 13G11 (QED Bioscience, San Diego, CA, USA) [18] . This antibody recognises plasma prekallikrein and active plasma kallikrein. In normal plasma, plasma kallikrein circulates predominantly as the zymogen prekallikrein [19] and migrates as two species with predicted size of 85 and 88 kDa. Thus, migration on SDS-PAGE does not allow differentiation of the zymogen from active kallikrein. Kallistatin levels were measured by western blot analysis of reduced plasma samples run on 5 to 15% gradient SDS-PAGE and probed with monoclonal antibody G4C10 (a gift from J. Chao, Medical University of South Carolina, Charleston, SC, USA) [20] . Kallistatin migrates with a predicted size of approximately 58 kDa. Plasma levels of total tissue kallikrein were quantified by western blot analysis of reduced plasma samples run on 5% to 15% gradient SDS-PAGE. Western blots were probed for total tissue kallikrein using a polyclonal antibody (antiTproK-AS) raised against recombinant human tissue prokallikrein (a gift from M. Kemme, Technische Universität Darmstadt, Darmstadt, Germany) [21] . This antibody recognises tissue prokallikrein and active tissue kallikrein. Tissue prokallikrein and active tissue kallikrein migrate with a predicted size of approximately 34 kDa, so migration on SDS-PAGE does not allow differentiation of the zymogen from active kallikrein. Detection was by chemiluminescence and films were quantified by densitometry. Each western blot contained samples from one to two nondiabetic patients not taking statins, one to two non-diabetic patients taking statins, one to two diabetic patients not taking statins, and one to two diabetic patients taking statins. For each western blot, densitometry data were expressed as the percentage of the mean value for the nondiabetic patients not taking statins, set at 100%.
Tissue prokallikrein immunohistochemistry Right atrial tissue obtained at surgery from group 2 patients was immediately rinsed in ice-cold saline with 20 mmol/l KCl then placed in 10% (vol./vol.) buffered formalin overnight before paraffin embedding. Immunohistochemistry was performed with the same antibody used for western blotting for tissue kallikrein: anti-TproK-AS [21] . Immunostaining was quantified using computer-assisted image analysis and expressed as the percentage area of immunostaining.
Real-time quantitative PCR Right atrial tissue obtained at surgery from group 2 patients was immediately rinsed in ice-cold saline with 20 mmol/l KCl then rapidly frozen in liquid nitrogen and stored at −80°C. After thawing at −20°C in RNAlater-ICE (Ambion, Austin, TX, USA), RNA was extracted with a mini-kit (RNeasy Fibrous Tissue kit; Qiagen Pty Ltd, Doncaster, VIC, Australia) and reverse-transcribed with a kit (Quantitect; Qiagen Pty Ltd). Human tissue kallikrein mRNA was measured by TaqMan gene expression assay (catalogue number: Hs00158490_m1; Applied Biosystems, Foster City, CA, USA) with a device (Rotor Gene RG-3000; Qiagen Pty Ltd) and quantified by the comparative cycle threshold method using the ribosomal protein L41 as reference (catalogue number: Hs00606029_g1; Applied Biosystems) as validated by Barth et al. [22] .
Statistical analysis Continuous data were analysed by oneway or two-way ANOVA, with logarithmic transformation of data when necessary to normalise data distribution and variances, except for mRNA data, which were analysed by permutation test. Categorical data were analysed by Fisher's exact test. All tests were two-tailed. Differences were considered significant at p<0.05.
Power calculation For the comparison of the means of two groups with SD of approximately one-half the mean for each group (α=0.05), 20 participants in each group would be required to detect a 50% difference in mean values with 87% power (JMP 7.0; SAS Institute, Cary, NC, USA). The power for a two-way ANOVA is similar for each main effect, where ten participants in each of the four groups (20 participants exposed to each main effect) would achieve similar power, as calculated with the SAS macro program, fpower.sas (www.math.yorku.ca/SCS/Online/power/, accessed 13 December 2009). For the bradykinin data, where the number of participants in each group was seven to 16, the effect of diabetes involved a comparison of 27 nondiabetic and 16 diabetic patients, and the effect of statin therapy involved a comparison of 20 patients not taking, and 23 patients taking, statins. Thus, for bradykinin levels, where the SD was approximately one-half the mean for each group, our study had approximately 90% power to detect a 50% difference in bradykinin levels in response to diabetes or statin therapy. The power to detect differences was correspondingly less for variables measured in fewer participants. Table 1 ). None of the group 1 patients was receiving ACE inhibitor or ARB therapies, because we have shown that these therapies increase blood bradykinin levels [6, 9] . In addition, we excluded patients with heart failure or significantly impaired left ventricular function, because we had previously shown that heart failure is associated with suppressed blood kallidin levels [16] . Group 1 patients were predominantly men and diabetic patients were more likely than nondiabetic patients to have hypertension. However, group 1 patients were well matched for age, BMI, pre-operative blood pressure, smoking status, renal function, NT-proBNP levels and cardiovascular therapies, with the exception that patients on statins were more likely to be also taking aspirin and calcium antagonists, and had a slightly lower haemoglobin level.
Results

Clinical characteristics We studied two groups of patients. Group 1 comprised 39 non-diabetic and 20 diabetic patients (Electronic supplementary material [ESM]
Random and fasting glucose levels were elevated in group 1 diabetic patients (ESM Table 1 ). There was no difference in fasting plasma insulin levels between nondiabetic and diabetic patients, although diabetic patients had reduced beta cell function. Diabetic patients had lower LDL-cholesterol concentrations, and total and LDLcholesterol concentrations were reduced in patients receiving statins. Plasma carboxymethyl lysine and LMWF levels were not different between non-diabetic and diabetic patients. Plasma aldosterone concentrations were similar for non-diabetic and diabetic patients, but were reduced in patients receiving statins. Not all KKS variables were measured in all patients. Blood kallidin levels were measured in fewer patients than angiotensin and bradykinin peptide levels because of sample loss during the initial kallidin assays and the need to recruit additional patients for kallidin peptide measurement.
Group 2 comprised seven non-diabetic and five diabetic patients who were all receiving ACE inhibitor or ARB therapy, with none receiving both. The characteristics of non-diabetic and diabetic patients of group 2 were similar except for higher fasting plasma glucose and LMWF levels in diabetic patients (ESM Table 2 ). Most (80-86%) were receiving statin therapy.
Blood levels of angiotensin, bradykinin and kallidin peptides Neither diabetes nor statin therapy affected angiotensin, bradykinin, kallidin or kininogen concentrations, except for a lower angiotensin I concentration in diabetic patients (Table 1 ). Separate analyses showed that aspirin, calcium antagonist, beta blocker or long-acting nitrate therapies had no effect on blood angiotensin, bradykinin or kininogen levels. Patient numbers were insufficient to assess the effects of other drug therapies on blood kallidin levels.
Plasma levels of kininogens, plasma and tissue kallikreins, and kallistatin Neither diabetes nor statin therapy was associated with alteration in plasma kallikrein or kallistatin levels (Table 1) . By contrast, diabetes was associated with a 62% increase in plasma levels of tissue kallikrein (p= 0.001), although statin therapy did not significantly affect that variable. Separate analyses showed that aspirin, calcium antagonist, beta blocker or long-acting nitrate therapies had no effect on plasma levels of plasma kallikrein, kallistatin or tissue kallikrein.
Tissue kallikrein immunohistochemistry and mRNA levels in atrial tissue Immunohistochemistry showed tissue kallikrein predominantly in atrial myocytes, with an approximately twofold greater immunoreactivity in diabetic than in nondiabetic patients (p=0.015; Fig. 1 ). Quantitative PCR showed an eightfold increase in tissue kallikrein mRNA in atrial tissue of diabetic patients (ratio to control: 1.0±0.1, n=7 vs 8.0±3.8, n=5, p=0.014).
Discussion
We report for the first time the effects of type 2 diabetes on the KKS in humans. We found increased levels of tissue kallikrein as evidenced by increased circulating levels of tissue kallikrein, increased tissue kallikrein immunoreactiv-ity in atrial myocytes and increased tissue kallikrein mRNA levels in atrial tissue. Increased tissue kallikrein levels in diabetic patients were not associated with altered circulating levels of bradykinin or kallidin peptides, plasma kininogens, plasma kallikrein or kallistatin. Blood bradykinin, kallidin and kininogen levels provided a measure of the activity of the KKS. Moreover, the failure of diabetes to influence blood kallidin and kininogen levels, despite increased tissue kallikrein levels, was consistent with the predominant tissue localisation of tissue kallikrein, where it may participate in local formation of kallidin peptides. Our finding that tissue kallikrein was produced by atrial myocytes was in agreement with the previous identification of tissue kallikrein mRNA in rat heart and the immunolocalisation of tissue kallikrein to rat atrial myocytes [23] .
Non-diabetic and diabetic patients were well matched in our study and although abdominal circumference was not measured, non-diabetic and diabetic patients had similar BMI and prevalence of metabolic syndrome features, as well as similar insulin sensitivity and insulin resistance. Our data therefore indicate an effect of diabetes as such on tissue kallikrein gene expression, rather than solely an effect of insulin resistance.
Our finding of similar blood kinin levels in non-diabetic and diabetic patients argues against a role for kinin peptides in the endothelial dysfunction of type 2 diabetes [24] . Moreover, the lack of effect of statin therapy on any [11, 12] . Our finding that statin therapy was associated with decreased plasma aldosterone levels was in agreement with a previous study [25] and may have been due to an effect of statins on cholesterol supply for steroid hormone synthesis [26] , although we cannot exclude a possible association between statin therapy and altered electrolyte intake. The mechanism of increased tissue kallikrein gene expression in type 2 diabetes is uncertain. Mineralocorticoid administration increases plasma levels of tissue kallikrein [27] . However, our finding of similar plasma aldosterone levels in non-diabetic and diabetic patients suggests that altered aldosterone levels did not contribute to the increased tissue kallikrein gene expression in diabetic patients. Importantly with regard to type 2 diabetes, insulin administration to non-diabetic rats increased renal kallikrein content and renal kallikrein synthesis, accompanied by a similar proportional increase of total protein synthesis in the kidney [28] . It is therefore possible that the increased tissue kallikrein gene expression in type 2 diabetes observed in the present study was caused by hyperinsulinaemia. Although we were unable to show an increase in fasting plasma insulin levels in diabetic patients, it is likely that they had higher postprandial insulin levels. Further evidence for an effect of insulin on the KKS is the reduction in plasma HMWK levels during insulin administration to nondiabetic human volunteers, consistent with increased HMWK cleavage by either plasma or tissue kallikrein [17] .
One potential limitation was that we studied patients with coronary artery disease who were scheduled for CABG surgery. Coronary artery disease, however, is a frequent accompaniment of type 2 diabetes. Another limitation was the relatively low number of patients for some of the KKS variables measured in this study, possibly providing insufficient statistical power to demonstrate effects of diabetes or statin therapy.
In summary, we found increased tissue kallikrein levels in type 2 diabetes, but no effect of statin therapy on the KKS. Given the essential role of tissue kallikrein in protecting the heart from ischaemic injury [2, 3] , our finding that tissue kallikrein levels were increased in type 2 diabetes suggests tissue kallikrein may play a greater role in cardioprotection in type 2 diabetic than in non-diabetic patients and may also contribute to the benefits that type 2 diabetic patients derive from ACE inhibitor and other therapies inhibiting kinin metabolism. Our findings do not support the idea that the KKS plays a role in the impaired endothelial function of type 2 diabetes or in mediating the improvement of endothelial function by statin therapy in non-diabetic and diabetic patients.
